The high cycle and Very-High-Cycle Fatigue (VHCF) properties of a structural steel with smooth and notched specimens were studied by employing a rotary bending machine with frequency of 52.5 Hz. For smooth specimens, VHCF failure did occur at fatigue cycles of 7.1 Â 10 8 with the related S-N curve of stepwise tendency. Scanning Electron Microscopy (SEM) was used for the observations of the fracture surfaces. It shows that for smooth specimens the crack origination is surface mode in the failure regime of less than 10 7 cycles.
While at VHCF regime, the material failed from the nonmetallic inclusion lies in the interior of material, leading to the formation of fisheye pattern. The dimensions of crack initiation region were measured and discussed with respect to the number of cycles to failure. The mechanism analysis by means of low temperature fracture technique shows that the nonmetallic inclusion in the interior of specimen tends to debond from surrounding matrix and form a crack. The crack propagates and results to the final failure. The stress intensity factor and fatigue strength were calculated to investigate the crack initiation properties. VHCF study on the notched specimens shows that the obtained S-N curve decreases continuously. SEM analysis reveals that multiple crack origins are dominant on specimen surface and that fatigue crack tends to initiate from the surface of the specimen. Based on the fatigue tests and observations, a model of crack initiation was used to describe the transition of fatigue initiation site from subsurface to surface for smooth and notched specimens. The model reveals the influences of load, grain size, inclusion size and surface notch on the crack initiation transition.
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Introduction
Recently, there is a warning that fatigue failure takes place at stress levels below the conventional fatigue limit in long life regime above 10 7 cycles for high strength steels, resulting in a stepwise S-N curve . In Very-High-Cycle Fatigue (VHCF) regime, crack tends to start from the interior of specimen. This fact suggests that the endurance limit determined by conventional fatigue tests cannot provide safety design data for mechanical structures. However, there is a need for a lot of mechanical structures to be used in long period, such as aircrafts, automobiles, ships, railway, bridges, etc. Therefore, there is an urgent necessity to clarify the fatigue properties and mechanism in VHCF regime. The characteristics of crack initiation and its early growth are essential aspects in the understanding of VHCF mechanism. For the case of low cycle and high cycle fatigue, crack originates from specimen surface due to the localized plastic deformation induced by surface discontinuities. For the case of VHCF, on the other hand, cracks tend to initiate at specimen subsurface (interior). However, the process of subsurface crack initiation and propagation is still not clear and there are few theoretical models developed to analyze the different crack initiation process [8, 9, 13, 20] . Additionally, although there have been many studies on the factors those may affect VHCF propensity of high strength steels, such as environmental medium [14] [15] [16] , loading frequency [17, 18] , microstructure state [19] [20] [21] , etc. [5, 8, 12] , the influence of notch effect has not been fully understood.
In this paper, long term fatigue tests for a structural steel, 40Cr, were performed by a rotary bending machine operating at a frequency of 52.5 Hz. The effect of notches on the high cycle and VHCF properties was studied by introducing a circumferential notch on the specimens. After fatigue experiment tests, fracture surfaces of all specimens were examined by using Scanning Electron Microscopy (SEM) to identify the crack nucleation site. In order to understand the mechanisms of subsurface crack initiation, the notched specimens were also used to investigate the process of fatigue crack initiation and propagation by low temperature fracture technique. Based on the fatigue tests and the fracture surface observations, a model of crack initiation was used to describe the transition of fatigue initiation site from subsurface to surface for smooth and notched specimens in VHCF regime.
Experimental procedure
The material used in the present study is a structural steel (40Cr). The chemical compositions of the material are as follows (wt.%): C 0.4%, Cr 1% and Fe balance. The specimens were heated at 1108 K then quenched in oil, followed by tempering at 473 K for 2 h. The average Vickers hardness of the heat-treated specimen is 545Hv. The smooth specimens for fatigue testing are hour-glass type with the minimum section diameter of 3 mm as shown in Fig. 1a . The surface of the smooth specimen was sequentially polished with diamond polishing papers grits #240, #320, #400, #800 and #1200 to eliminate the surface crack. Fatigue test was conducted in cantilever-type rotating bending fatigue machines operated at the frequency of 52.5 Hz at room temperature in laboratory air. The stress ratio of the maximum to minimum load was À1. The notched specimens used for this study are also hour-glass type but with V-notch at the reduced section, as shown in Fig. 1b . The radius of notch was examined by SEM and then measured. The stress concentration factor K t of 4.04 was calculated by the following empirical formula, according to [8] . 
Fatigue properties
The S-N curves for smooth and notched specimens are shown in Fig. 2 . Fatigue did occur at fatigue cycle of 7.1 Â 10 8 , which implies that it is dangerous taking conventional fatigue limit as VHCF limit. For smooth specimens, a stepwise S-N curve is revealed, with one representing for the surface initiated fracture and the other for the internally initiated fracture.
As is seen, surface crack initiation occurred in the regime of less than 10 7 cycles, while interior crack initiation was dominant in VHCF regime. Both surface and subsurface crack initiation coexist in the plateau corresponding to 10 7 cycles. The fatigue life difference between surface crack initiation and subsurface crack initiation is due to the fact that the subsurface cracks grow in a vacuum and generally grow at an order of magnitude slower than surface initiating cracks at the same loading level. The scatter of S-N data is due to the large scatter in size of inclusions contained in the specimens, the variation of residual stress from compression at the surface to tension in the interior, the different surface condition, etc.
For notched specimens, a continuously decreasing curve was obtained. The maximum stress for notched specimen is the nominal stress without consideration of the stress concentration factor. For all notched specimens, fatigue crack started from the surface, which will also be shown later. For a given fatigue life, the fatigue notch sensitivity factor q was calculated by the following equation:
where K f is defined as:
K f and q at different fatigue cycles are summarized in Table 1 . It is clearly that K f and q increase with increasing of fatigue life.
Fractography analysis and measurement
According to SEM observations, the fatigue crack initiation site of smooth specimen could be classified into two typical modes. One is that the fatigue crack initiated on the specimen surface. Fig. 3a shows an example of surface crack initiation at For notched specimens, it reveals that multiple crack origins are dominant on specimen surface. It is explained by the fact that the superimposed effect of the surface flaws due to the machining process and the high stress concentration factor increases the potential crack initiation sites. Fig. 4a shows the macroscopic fracture surface of a notched specimen subjected to 620 MPa, which failed at N f = 2.2 Â 10 8 cycles. Fig. 4b shows the magnification of crack origins. It can be seen that all these cracks initiates from the specimen surface. They coalesce and lead to the final failure. In order to investigate the crack initiation process, the low temperature fracture technique was used. The notched specimens were tested at the same nominal stress, r max = 240 MPa, while interrupted at different loading cycles. These survived specimens were cooled and then broken in liquid nitrogen. We checked and confirmed that the low temperature fractography of the specimen without fatigue testing is normally cleavage and quasi-cleavage morphology, as shown in Fig. 5a .
Figs. 5b-d show the fracture surface of specimen which were tested up to 5 Â 10 5 , 1 Â 10 7 and 5 Â 10 7 respectively. Initially, the interface between inclusion and matrix is compact, as shown in Fig. 5a . It is observed that inclusion debonding appears from the loading cycles of 1 Â 10 6 , which became more evident after 1 Â 10 7 loading cycles. Fig. 5d is an example of fractography for the specimen unloaded after 5 Â 10 7 cycles, showing a large inclusion debonded from surrounding matrix underneath the specimen surface about 13 lm with the large fraction of fracture surface of cleavage or quasi-cleavage appearance.
However, the evidence of fisheye crack was not observed on all unloaded specimens.
Figs. 6a-c are the measurements of fisheyes and the embedded inclusions from crack initiation region of the specimens. Fig. 6a shows the ratio of width to length of fisheye. It is seen that the ratio is between 0.85 and 1.15, indicating that the dimension of fisheye in the direction perpendicular to specimen surface is averagely equal to that parallel to specimen surface, i.e. the shape of fisheye is almost equiaxed. Fig. 6b shows the relationship between inclusion depth and the number of cycles to failure. The distance is scattered over the range between 60 and 110 lm and increases with increasing cycles. For the inclusion which is closer to the specimen surface, less fatigue cycles are needed until the crack reaches the surface to the open air. So, with the help of air, the driving force for crack extension is larger for the crack on the surface than in the interior. In addition, according to Murakami's viewpoint [6, 8] , the hydrogen trapped around nonmetallic contributes to the subsurface crack initiation. It is therefore easily understood that fatigue life depends on the inclusion position. We proposed that the correlation between the fatigue life and the inclusion depth as follows:
Fig . 6c shows the relationship between inclusion diameter and the fatigue life. The inclusion diameter is ranged from 14 to 30 lm, which decreases with increasing of fatigue life. The tendency is in agreement with Refs. [3, 7, 8] . Thus, it can be seen that larger inclusions form cracks more easily than smaller inclusions. 
Fatigue mechanism analysis
The stress intensity factor (SIF) ranges for inclusion and fisheye pattern, i.e. DK inc and DK fis , were calculated by the following formula [8, 22, 23] : , which is corresponding to the threshold SIF range of the material. Therefore, it is understood that a crack which occurs at an inclusion can propagate below the threshold SIF range until it forms a fisheye pattern.
According to Murakami's model [5, 8, 22] , fatigue strength at 10 8 cycles, denoted as r w , was predicted by the following equation:
Fig . 8 shows the relationship between r max /r w and number of cycles. The ratio is between 1 and 1.2, indicating that the fatigue strength of the material in the present study is well predicted by Murakami's model. In order to interpret the fatigue crack initiation either at surface or at subsurface, a new parameter D Ã was proposed in [24, 25] : According to the above fractographic analysis, it is noted that crack initiation from inclusions is related to the weak cohesive strength of the interface between inclusion and matrix. Under cyclic loading, a crack may easily form due to the interface debonding and grow into the matrix. For this case, it was deduced that [24, 25] :
where D e U is related to u and w. For notched specimens, the surface stress concentration factor is considered by the applied surface stress Ds. Thus, the values of D Ã for both smooth and notched specimens as a function of u and w were calculated and the results are shown in Fig. 9a and b, respectively. other words, fatigue crack initiation tends to occur at subsurface sites at the situation of relatively low cyclic loading level, high strength of material, large inclusion size and small grain size. Therefore, it provides an insight to the material processing techniques in order to improve the fatigue life of material. As shown in Fig. 9b , it should be noted that for notched specimens, D Ã ranges from 20 to 40, which is much bigger than that of smooth specimens at the same u and w. It implies that the surface crack initiation is dominant for notched specimens, which is in good agreement with the experimental observations.
Conclusions
Based on the fatigue tests for the low alloy steel with rotary bending fatigue machine at the cyclic frequency of 52.5 Hz, the following conclusions are drawn:
(1) VHCF failure did occur at fatigue cycles beyond 10 7 even above 10 8
. For smooth specimens, the S-N curve is of stepwise tendency. A notable fisheye pattern was observed in the vicinity of a nonmetallic inclusion at the fracture origin in VHCF regime. The inclusion depth and inclusion size increases and decreases with increasing of fatigue life, respectively. The stress intensity factor of fisheye is relevant to the corresponding threshold of stress intensity factor. It implies that the propagation process from nonmetallic inclusion to fisheye is a process of small crack propagation.
(2) The mechanism study of fatigue crack initiation by low temperature fracture technique shows that the nonmetallic inclusion in the interior of specimen tends to debond from surrounding matrix and then to form a crack. The crack propagates and leads to the final failure. (3) VHCF study on the notched specimens shows that the obtained S-N curve decreases continuously. SEM analysis reveals that multiple crack origins are dominant on specimen surface and that fatigue crack tends to initiate from the surface of the specimen. (4) Based on the experimental observations, a model was used to describe the transition of crack initiation site with different surface conditions. At relatively low loading level, the possibility of crack initiation at subsurface increases with respect to large inclusion size, small grain size, smooth surface condition and large strength of material.
